Several experimental studies have been published in the literature about the apparent linearity of the relation between stroke work (SW) and end-diastolic volume (V ed ), which is usually referred to as the preload recruitable stroke work (PRSW). Experimental results seem to suggest that in the study of the performance of the ventricles the PRSW relation gives more consistent results compared to the variability of the parameters based on the end-systolic pressurevolume relation (ESPVR). In this theoretical study it is shown that the relation between SW and V ed is non-linear. Moreover it is shown that this relation can be described by the same parameters used to describe the ESPVR. Applications to experimental data published in the literature are discussed. Keywords: preload recruitable stroke work, end-systolic pressure-volume relation, preload of left/right ventricular ejection, pressure-volume relation in the ventricles, active force of the myocardium, peak isovolumic pressure.
Introduction
The relation between stroke work (SW) and end-diastolic volume (V ed ) is also called the preload recruitable stroke work (PRSW) (Glower et al [1] , Little and Cheng [2] ). The PRSW relation shows an apparent linearity and is considered as a way to express the Frank-Starling mechanism; the larger the initial stretch of the cardiac muscle, the stronger is the contraction of the myocardium. It can be used to describe the contractility of the cardiac muscle and appears to give more consistent results than the parameters derived from the end-systolic pressurevolume relation (ESPVR) (Suzuki et al [3] , Karunanithi et al [4] ).
In a previous study (Shoucri [5] ) it was shown that the PRSW relation is mathematically non-linear. It was also suggested that by using the same parameters used to describe the ESPVR, one can derive the relation between the stroke work SW and V ed . This approach is further investigated in this study. Experimental data are presented to suggest new approaches for the study of the relation between SW and V ed .
Mathematical model
The mathematical model used in this study is based on results obtained in previous studies by the author and has been consistently applied to a wide variety of experimental data related to the study of the performance of the left and right ventricles (Shoucri [5] - [11] ). The left (or right) ventricle is represented in a simplified way as a thick-walled cylinder contracting symmetrically, with transverse isotropy with respect to the axis of the cylinder. Because of the assumed symmetry, a helical fibre in the myocardium will generate a radial force D(r) per unit volume of the myocardium as shown in fig. 1 . At a given instant of the contraction cycle of the myocardium, D(r) generates a force per unit area on the inner surface of the myocardium given by ∫ a b D(r) dr = Dh, r = a is the inner radius of the myocardium, r = b is the outer radius of the myocardium, h = b -a is the thickness of the myocardium, D is a value of D(r) calculated by the mean value theorem. In a quasi-static approximation (inertia and viscous forces neglected) the equilibrium of forces in the radial direction on the inner surface of the myocardium is expressed as Eqn. (1a) can be split into two equations A suffix m is added to the variables when E reaches its maximum value E max near end-systole as shown in fig. 2 . We get the following equations near end-
The approximation V m ≈ V es (end-systolic volume when dV/dt = 0) will be used in our computation. In the simplified diagram of fig. 2 
where the slopes M and the intercept with the volume axis V I are supposed to be constant (Glower [1] , Little and Cheng [2] , Karunanithi [4] ). By comparing eqns (2b), (3) and (4) we see that we can establish the following relations
From eqns. (3), (4) and (5) we see that the relation between SW and V ed is a complex and non-linear relation. It can be described by the same parameters derived from the ESPVR. The study of this relation remains linked to the unsolved problem of the way to determine the volume axis intercept V dm of the line d 3 V dm representing the ESPVR (see fig. 2 ). In the following, we give some experimental evidence for this result. [3] , the experiments were carried out on burned dogs. We have focused on the second group of data published in this table; the first group of data was discussed in Shoucri [5] . In the study by Suzuki et al [3] leastsquares fit was used to calculate M and V I from the relation between SW = ∫ PdV and V ed (eqn. 4), and E max and V dm were calculated by least-squares fit from the relation between P m and V m (eqn. 2b). In order to show how fig 4 was calculated, we show in table 1 some of the experimental data taken from Suzuki et al [3] and indicate how the calculation was carried out. A factor of 1.333 x 10 3 dyne/cm 2 is used to convert the values of M to mmHg in table 1. The procedure is as follows: (5); some of the experimental data used to draw fig. 4 and taken from Suzuki et al [3] .
Experimental applications
(mmHg) (mmHg/ml) (ml) (mmHg) (ml) (ml) (mmHg/ml) 2 fig. 4 where the average of the two calculated values of V m is used in the least-squares fitting.
3) The values of M are taken from 
Suggestion for future work
Eqn (3) shows that the relation between SW and V ed depends on P m , and eqn. (2b) shows that P m depends on the volume axis intercept V dm of the ESPVR represented by the line d 3 V dm in fig. 2 . Consequently the (SW, V ed ) relation depends on finding a way to determine the quantity V dm (or equivalently E max ). This problem is still unsolved, and is directly related to the study of the different areas under the ESPVR (Shoucri [7, 8] [15] and discussed in Shoucri [11] .
Conclusion
The results of the present study tend to show that the relation between stroke volume SW and end-diastolic volume V ed should be based on the parameters describing the ESPVR. The problem of the calculation of V dm (or equivalently E max ) is still unsolved; a suggestion for a possible approach to this problem has been presented.
